The oxygen reduction reaction has been studied extensively on metal electrodes (Pt, Hg, Ag, and Au) and nonmetal electrodes (carbon, diamond, and metal oxides), due mainly to the importance of dioxygen reduction to electrochemical energy conversion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Many different types of carbon have been studied, such as highly ordered pyrolytic graphite (HOPG), pyrolytic graphite (PG), graphite powder, porous graphite, natural graphite, glassy carbon (GC), pyrolytic carbon, active carbon, carbon black, and carbon single crystals. The effect of electrode material on the O 2 reduction reaction (ORR) has been reviewed extensively, 1-3 but detailed mechanisms remain elusive. On metal electrodes, O 2 reduces by either 2e Ϫ to H 2 O 2 , or 4e Ϫ to H 2 O, depending on the electrode material and surface modifications. The ORR on metals is often controlled by chemisorption of O 2 or its reduction products, particularly metal oxides, superoxide, and hydrogen peroxide, and by chemisorbed anions. 1,2 On carbon surfaces, the reduction product is H 2 O 2 or HO 2 Ϫ , depending on pH, and the electrode kinetics are much slower than those on active metals such as platinum and gold. Various catalysts have been used to modify carbon electrodes to promote the disproportionation of H 2 O 2 or to effect a 4e Ϫ reduction 7, 8, [19] [20] [21] [22] [23] [24] [25] [26] by either the peroxide pathway or direct 4e Ϫ reduction on a modified carbon surface. A practically important example is the reduction of O 2 in alkaline media with a carbon surface modified with metal phthalocyanines, used in zinc/air batteries and the air cathode. While carbon surfaces modified with metal-containing catalysts have resulted in elegant chemistry and important applications, they are not the subject of the current investigation. We focus here on the mechanism of the ORR on carbon in the absence of metal catalysts.
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The oxygen reduction reaction has been studied extensively on metal electrodes (Pt, Hg, Ag, and Au) and nonmetal electrodes (carbon, diamond, and metal oxides), due mainly to the importance of dioxygen reduction to electrochemical energy conversion. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Many different types of carbon have been studied, such as highly ordered pyrolytic graphite (HOPG), pyrolytic graphite (PG), graphite powder, porous graphite, natural graphite, glassy carbon (GC), pyrolytic carbon, active carbon, carbon black, and carbon single crystals. The effect of electrode material on the O 2 reduction reaction (ORR) has been reviewed extensively, [1] [2] [3] but detailed mechanisms remain elusive. On metal electrodes, O 2 reduces by either 2e Ϫ to H 2 O 2 , or 4e Ϫ to H 2 O, depending on the electrode material and surface modifications. The ORR on metals is often controlled by chemisorption of O 2 or its reduction products, particularly metal oxides, superoxide, and hydrogen peroxide, and by chemisorbed anions. 1, 2 On carbon surfaces, the reduction product is H 2 O 2 or HO 2 Ϫ , depending on pH, and the electrode kinetics are much slower than those on active metals such as platinum and gold. Various catalysts have been used to modify carbon electrodes to promote the disproportionation of H 2 O 2 or to effect a 4e Ϫ reduction 7, 8, [19] [20] [21] [22] [23] [24] [25] [26] by either the peroxide pathway or direct 4e Ϫ reduction on a modified carbon surface. A practically important example is the reduction of O 2 in alkaline media with a carbon surface modified with metal phthalocyanines, used in zinc/air batteries and the air cathode. While carbon surfaces modified with metal-containing catalysts have resulted in elegant chemistry and important applications, they are not the subject of the current investigation. We focus here on the mechanism of the ORR on carbon in the absence of metal catalysts.
An overview of the literature on the ORR on carbon surfaces reveals that there is no consensus on the mechanism or even the identity of adsorbed intermediates. Most researchers conclude that the adsorption of O 2 or superoxide is involved, but variations in surface conditions and pretreatment cause wide variations in electrode behavior. Consequently, there is substantial disagreement among ORR mechanisms proposed in the literature. For example, Taylor and Humffray 16 concluded the following mechanism for GC electrodes
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•Ϫ (ads, after migration) ϩ H 2 O o O 2 ϩ HO 2 Ϫ ϩ OH Ϫ [3] Surface migration of adsorbed O 2 Ϫ (reaction 2) to the active sites was proposed to be the rate-determining step. Zhang et al. 17 
where Reaction 10 or Reaction 12 is the rate-determining step. More recently, Xu et al. 12 explored several different carbon surfaces, including electrochemically pretreated GC, laser-treated GC, fractured GC, low defect HOPG basal plane surfaces, and modified GC. They proposed the following mechanism [15] or HO • 2 (ads) ϩ e Ϫ r HO Ϫ 2(aq) [16] They concluded that adsorption is critical to increasing the reduction rate by accelerating protonation of O 2 •Ϫ (Eq. 14). If O 2 •Ϫ becomes more basic upon adsorption, protonation and subsequent disproportionation or reduction of HO • 2 are accelerated. Besides the controversy in the rate-determining step, the role of surface oxides is also poorly understood. Fagan et al. 27 and Zhang et al. 17 concluded that o-quinone-like structures are possible candidates to catalyze the reduction of oxygen. Evans and Kuwana suggested that the oxygen-containing groups may serve as mediators S0013-4651(99)12-021-4 CCC: $7.00 © The Electrochemical Society, Inc.
between the electrode and the electroactive species. 28 Hossain et al. have observed oxygen reduction catalysis by adsorbed phenanthrenequinone in base, under conditions where the semiquinone anion (PQ Ϫ ) is formed. 9 They proposed that adsorbed PQ Ϫ catalyzes oxygen reduction on a highly ordered pyrolytic graphite (HOPG) basal plane
Nagaoka et al. 18 studied oxygen reduction at anodized GC electrodes and GC surfaces with adsorbed quinones. They observed that potentials of the O 2 reduction on anodized GC were pH independent, whereas those for quinone adsorbed on GC shifted negative at a rate of Ϫ60 mV per pH, characteristic of a quinone/hydroquinone reaction. The current work is directed at establishing the nature of the interaction between carbon surfaces and oxygen which leads to electrocatalytic formation of HO 2 Ϫ in the absence of transition metals. The approach exploits chemical modifications of the carbon surface which have been shown to suppress adsorption of simpler redox systems such as methylene blue and chlorpromazine. 29 In addition, a recently developed pretreatment of GC surfaces 30 was used to make GC electrodes which are unusually reactive toward peroxide formation from oxygen. By examining the opposing extremes of a highly surface-active GC surface and one for which adsorption is suppressed, interactions between the carbon surface and oxygen reduction intermediates were revealed, thus providing new insights into the ORR mechanism. 31 with minor modifications 29 0.1 mol of the p-toluidine was dissolved in 44 mL of 50% fluoboric acid. The solution was placed in an ice bath and stirred with an efficient stirrer, then a cold solution of 0.1 mol of sodium nitrite in 14 mL of water was added dropwise. When the addition was complete, the mixture was stirred for several more minutes and then suction filtered on a sintered glass filter. The solid diazonium tetrafluoroborate was washed with cold fluoboric acid, ethanol, and ether. The product, its NMR, and mass spectroscopy data are given as follows: 4-methylbenzenediazonium fluoborate, NMR (d 6 Electrode materials and preparation.-Commercial GC 20 electrodes from Bioanalytical Systems Inc. (MF2070) of 0.071 cm 2 area were used in this work. Before any modification procedures, the electrodes were polished successively in 1, 0.3, and 0.05 m alumina power (Buehler) slurries with Nanopure water (Barnstead) on microcloth polishing cloth (Buehler) and subsequently washed and sonicated in Nanopure water for 10 min. Activated electrodes were prepared by sonication in a suspension of activated carbon (AC) in isopropyl alcohol; these are referred to as IPA/AC electrodes. 30 Electrodes were polished conventionally and then were sonicated for 10 min in a 1/3 (v/v) mixture of Norit AC and reagent grade isopropanol (Mallinckrodt). The IPA/AC mixture was covered and allowed to stand for 30 min before use. After sonication in IPA/AC, the electrode was sonicated for an additional 10 min in Nanopure water. Chemisorption of methylphenyl radicals on GC surfaces was accomplished by the reduction of the diazonium salt in acetonitrile containing 0.1 M NBu 4 BF 4 for 10 min at Ϫ0.57 V vs. Ag/Ag ϩ . Due to the robust C-C bond formed during diazonium modification, the modified GC electrodes are stable for at least several days. However, electrodes were used for ORR studies within a few hours of preparation.
Electrochemical measurements.-Cyclic voltammetry was performed in a conventional three-electrode cell with an Ag/AgCl/3 M KCl reference electrode and Pt auxiliary electrode, using a Bioanalytical Systems BAS 100 potentiostat. The electrolyte was saturated with argon (Linde Gas, prepurified) or oxygen (Linde Gas, ultrahigh purity) for 20 min prior to voltammetry. During data acquisition, the purging gas was passed above the solution without disturbing it. The saturated concentration and the diffusion coefficient of the oxygen were assumed to equal the established values of 1.0 mM 1 and 1.65 ϫ 10 Ϫ5 cm 2 /s, 32 respectively.
Results and Discussion
The effect of methylphenyl modification of GC on the voltammetry of dissolved O 2 is shown in Fig. 1 and 2 . The most surprising result occurs at pH 14, where the modified surface exhibits a chemically reversible redox couple, which becomes less reversible as the pH is decreased. In addition, the IPA/AC pretreatment yields a larg- er, more positive reduction wave compared to the polished surface. Figure 3 shows the voltammetry of 3 mM H 2 O 2 at pH 14 on polished and modified GC. Neither surface reduces HO 2 Ϫ in the potential range shown, and both exhibit comparable HO 2 Ϫ oxidation waves. For the modified surface, the O 2 generated by HO 2 Ϫ oxidation is reduced on the subsequent scan, again exhibiting chemical reversibility. On polished GC, the reduction of electrogenerated O 2 is similar to that observed for an O 2 solution at the same pH.
Figures 1 through 3 demonstrate a profound change in O 2 reduction chemistry on the methylphenyl (MP)-modified surface compared to either the polished or IPA/AC-treated surface. Although unexpected, the reverse wave on the modified surface implies formation of superoxide ion, which is stable at pH 14 on the voltammetric time scale. As noted earlier, the MP modification should prevent adsorption of O 2 or its reduction products on the carbon surface, causing a dramatic effect on O 2 voltammetry. To understand the more complex voltammetry on the unmodified GC surface, MP-modified GC was studied in some detail. After describing the results and conclusions for the modified surface, the unmodified GC is revisited in greater detail. Figure 4 shows the scan rate dependence of the O 2 reduction wave on modified GC at pH 14. Both the reduction and oxidation peak heights show a linear dependence on 1/2 , and ⌬E p increases with the scan rate. The slope of i p vs. 1/2 for the reduction peak on the MP-modified GC is about half that of the polished surface, and corresponds to that expected for a one-electron 33 Choi, et al. 24 observed E 1/2 ϭ Ϫ0.21 V vs. Ag/AgCl on modified GC, and Xu, et al. observed Ϫ0.325 V in 1 M tetraethylammonium hydroxide. Chevalet et al. 33 report Ϫ0.316 V vs. Ag/AgCl for a quinoline-modified mercury electrode. Some of this variation is due to the strong dependence of the O 2 /O 2
MP-modified GC.-
•Ϫ potential on the medium. 1 Nevertheless, the E 1/2 value on MP modified is within 30 mV of that expected from thermodynamic data.
As observed for several outer-sphere redox systems such as Ru(NH 3 ) 6 ϩ3/ϩ2 34 and methyl viologen ϩ2/ϩ1 , 29 a thin monolayer on GC has a minor effect on the observed electron-transfer rate constant for O 2 reduction to superoxide. For a nitrophenyl monolayer, a decrease in k o of a factor of 2 was observed for chlorpromazine, methyl viologen, and Ru(NH 3 ) 6 ϩ3/ϩ2 , consistent with electron tunneling through the monolayer. 29 The
•Ϫ on bare GC was estimated as 0.005 cm/s in a previous report, based on a small reverse wave observed in tetraethylammonium hydroxide electrolyte. 12 The methylphenyl modification used in the current work exhibits a k o of 0.003 cm/s, consistent with outer-sphere electron transfer to the O 2 /O 2
•Ϫ couple through a methylphenyl monolayer. The pH dependence of O 2 voltammetry on MP-modified GC is shown in Fig. 5a , and the trends of E p and i p are shown in Fig. 5b . As the pH is decreased, i p increases by approximately a factor of 2 while E p shows minor variations (ϳ40 mV). The lack of a pH dependence of E p indicates no proton transfers are involved in the initial reduction reaction, consistent with electrogeneration of O 2
•Ϫ at ϳ Ϫ0.5 V vs. Ag/AgCl.
The decrease in the reverse wave in Fig. 5 as the pH is lowered is likely caused by the instability of superoxide ion in acidic or neutral solution. Superoxide reactions have been studied in detail with pulse radiolysis. Bielski and Allen, 35 concluded a two-step mechanism
They combined Reactions 20 and 21 into a disproportionation
with an equilibrium constant •Ϫ reacts in about 200 ms, but that is still slow enough to observe an anodic peak for O 2 •Ϫ oxidation (Fig. 6) . The discrepancy between simulation and experiment for the anodic peaks in Fig. 6 for pH 12 and 14 appears to be pH independent and may be due to disproportionation of unprotonated O 2
•Ϫ or to reactions of O 2 •Ϫ with residual solvent impurities. The rate constant for disproportionation of unprotonated O 2 •Ϫ has been reported as <0.3 M Ϫ1 s Ϫ1 . 35 A critical conclusion from the MP-modified electrode is that the irreversibility of O 2 depends directly on the presence of adsorption sites on the GC surface. If the interaction between O 2
•Ϫ and the electrode is blocked by MP groups, the O 2
•Ϫ is relatively stable. In the absence of surface interactions, the electrogenerated superoxide decays by established routes in homogeneous solution. Chemical reversibility of the O 2 /O 2
•Ϫ redox couple in aqueous base has been reported previously on mercury electrodes modified with a thin film of a quinoline derivative, 33, 37 but the effect was attributed to formation of a nonaqueous phase on the electrode surface which stabilized O 2
•Ϫ . Since the MP layer is only about 5 Å thick, a phase separation model is difficult to envision for MP-modified GC electrodes.
Unmodified GC.-When the MP monolayer is not present, O 2 or superoxide adsorption sites depend strongly on surface pretreatment, leading to potential variability in voltammetric observations. Figure 1 demonstrated that solvent cleaning with isopropanol and AC alters O 2 voltammetry significantly, presumably by removing impurities and increasing the number of adsorption sites. In separate reports, we showed that the IPA/AC solvent treatment yielded unusually clean and reactive GC surfaces, and high physisorption of catechols and methylene blue. 30, 38 The polished and IPA/AC-treated surfaces are compared here because they provide insight into the role of adsorption in O 2 reduction. Figure 7 shows an overlay of voltammograms for O 2 reduction on polished GC at several pH values. As reported by Taylor and Humffray, 16 the voltammograms exhibit a very unusual pH dependence, with the more positive reduction peak decreasing in height with decreasing pH, and a peak developing at ca. Ϫ0.55 V which shifts very slightly with pH. On the IPA/AC-pretreated GC surface, the relative size of the more positive reduction peak increases, as shown in Fig. 2. Figure 8 shows that the relative magnitudes of the two reduction peaks observed at pH 10.5 depend on the scan rate, with the more positive peak decreasing in relative size as the scan rate is increased.
Several conclusions are possible from the results which lead to a plausible O 2 reduction mechanism on unmodified GC. First, the voltammetric peak currents imply an overall 2e Ϫ reduction as expected from many reports that H 2 O 2 or HO 2 Ϫ is the reduction product. Even when two reduction peaks are apparent (as at pH 9 or 10.5), their heights imply two electrons, rather than one or four. The slope of the i p vs. 1/2 for pH 14 on IPA/AC-treated electrodes is 130 A s 1/2 V Ϫ1/2 , close to the value of 122 calculated for irreversible electron transfer with n ϭ 2 and ␣n ϭ 0.5. Second, both reduction potentials are nearly pH independent, although their relative magnitudes change markedly between pH 12 and 7. Third, the more positive peak potential for the initial O 2 reduction on unmodified GC is consistent with our previous conclusion attributing it to Reaction 23. 12 Adsorption of O 2
•Ϫ is more pronounced on IPA/ACtreated GC (hence the more positive E p ), and is prevented altogether on MP-modified GC. Fourth, the more negative of the two reduction peaks observed near pH 10 exhibits a reverse wave at ϳ Ϫ0.43 V vs. Ag/AgCl. Consider the mechanism of the earlier Reactions 13, 14, and 16. We proposed previously that adsorption of O 2
•Ϫ increases its pK a from 4 to perhaps 9, making Reaction 14 more favorable. 12 binds to a surface radical site, the product is electronically identical to an aryl hydroperoxide of the general formula R-O-O-H. Each oxygen has an octet of electrons, and the t-butyl analog is stable in water. According to Das et al., the pK a of hydroperoxides ranges from 8.9 to 12.8, and is 8.9 for C 6 H 5 OOH. 39 [25] Note that k 13 , k Ϫ13 , and k 16 are potential dependent, and Reaction 16 is assumed to be irreversible. Definition of k obsd as the collection of rate constants in Eq. 25, and rearrangement yields [26] If the first term on the right side of Eq. 26 is much larger than the other two, Reaction 13 is the rate-determining step (rds), and if the middle term on the right side of Eq. 26 is dominant, then Reaction 14 is the rds. The potential dependence of k obsd may be predicted by substituting Butler-Volmer expressions for k 13 Table II lists the predicted rate expressions for the three extremes in which one reaction is rate limiting. Note that when reaction 14 is rate limiting, Reaction 13 acts as a pre-equilibrium which follows the Nernst equation. Also shown in Table II is the apparent transfer coefficient expected for the potential dependence of k obsd .
A similar analysis was applied by Hu and Kuwana 40 and Deakin et al. 41 to the successive electron transfers accompanying ascorbic acid and catechol oxidation. Semi-integral analysis was used to determine a obsd as a function of potential. Semi-integrals of the voltammograms of four different pH values are shown in Fig. 9a and plots of ln[i(t)/(I l Ϫ I(t))] vs. E are shown in Fig. 9b . The slope of the lat- ter plots equals an F/RT, 42 and permits evaluation of the transfer coefficient as a function of potential. 39 so the electrode is negative of the potential required to reduce HO • 2ads . Thus Reaction 16 is overdriven and probably fast compared to Reactions 13 and 14. An ␣ obsd of ϩ1.0 and an rds of Reaction 14 is reasonable for a clean GC surface at pH 14.
As the pH is lowered, Reaction 14 accelerates, and the ␣ obsd for pH 10.5 or 9 is ϳ0.5 for the early part of the wave on the IPA/AC surface. This behavior is consistent with Reaction 13 becoming the rds, as Reaction 14 accelerates. The linearity of i p with 1/2 on the IPA/AC surface is also consistent with an overall 2e Ϫ reduction to HO 2 Ϫ (aq), with the first electron transfer being rate limiting. The shift in rds from Reaction 14 to Reaction 13 as the pH is lowered from 14 to 10 explains the qualitative appearance of the voltammograms on the IPA/AC surface with the exception of the small couple between Ϫ0.4 and Ϫ0.5 V. This couple is likely due to the reduction of O 2 to O 2
•Ϫ without adsorption (Reaction 23). At lower pH, the adsorption sites on the GC surface may become saturated with HO • 2 ads , thus blocking O 2
•Ϫ adsorption in Reaction 13. For O 2 •Ϫ adsorption, the clean GC surface at pH < 9 behaves like MP-modified GC, with the O 2 /O 2
•Ϫ electron transfer being outer sphere. The small reverse wave at Ϫ0.4 V on IPA/AC GC is similar to the reverse wave observed on MP modified GC, but with faster electron-transfer kinetics. As the scan rate increases, the mass transport of O 2 to the surface is faster, and adsorption sites are more easily saturated. The effect of scan rate is more pronounced on the polished surface, presumably because it has fewer adsorption sites to begin with. If the GC surface becomes saturated with HO 2ads below pH 9, the O 2 reduction mechanism on IPA/AC or polished GC is similar to that on the MP-modified surface, with O 2 •Ϫ degradation occurring primarily in homogeneous solution. At pH 7, 4, and 0, the differences in reduction peak potential appear to be due to differences in the electrontransfer rate for O 2 •Ϫ generation on the three surfaces. To further support this conclusion, simulations similar to those shown in The nature of the adsorption site for O 2 •Ϫ is not obvious. The only certainty is the ability to block the site with an MP monolayer. Previous reports indicate that anodization of the surface increases the activity for O 2 reduction, 12 but it is not clear that surface oxides are involved, per se. O 2 reduction is indeed accelerated by surface oxidation or adsorbed quinones, but Reaction 14 appears to proceed on surfaces with low oxide coverage. For example, the IPA/AC-treatment decreases the O/C ratio of polished GC, 30 but accelerates O 2 reduction. A likely candidate for the adsorption site is a surface radical or "dangling bond." As noted earlier, adsorption of O 2
•Ϫ to a surface radical results in a relatively stable peroxide or hydroperoxide which is not a radical. The current results do not prove that a surface radical is the active site, but such a hypothesis is consistent with the observations.
Conclusions
The current results clarify the role of the carbon surface in the oxygen reduction mechanism. When the surface is blocked by an organic monolayer, the electrode serves only to reduce dioxygen to superoxide, with both remaining in aqueous solution. At a pH below about 10, the electrogenerated O 2
•Ϫ and HO • 2 disproportionate to O 2 and H 2 O 2 by established homogeneous routes. The voltammograms on the MP-modified GC surface are quantitatively predictable from simulations based on Reactions 22 and 23, and Eq. 24. For this case, the MP monolayer prevents O 2
•Ϫ adsorption and leads to a relatively simple reduction mechanism.
When the GC surface is exposed by pretreatment with isopropanol and activated carbon, electrogenerated O 2
•Ϫ adsorbs to form a species which is electronically similar to a deprotonated hydroperoxide, ROO Ϫ . This species is more basic than O 2
•Ϫ (aq) and accepts a proton via Reaction 14. The critical consequence of O 2 •Ϫ adsorption is the increase in pK a of O 2
•Ϫ ads compared to O 2
•Ϫ (aq). The result is a change in rds from O 2
•Ϫ protonation (Reaction 14) for pH > 12 to O 2 reduction (Reaction 13) for pH < 10. As the pH is decreased to about 9, the adsorbed O 2
•Ϫ protonates to form a relatively stable hydroperoxide analog of ROOH. This species appears to occupy adsorption sites, thus preventing further O 2
•Ϫ adsorption. As a result, the O 2 reduction reverts to its outer sphere route without further adsorption. Although the surface is initially very active toward adsorption, an intermediate in the O 2 reduction process (HO • 2ads ) rapidly blocks adsorption sites for a pH below 9. Except for somewhat faster electron transfer, the clean surface behaves like the MP-modified GC surface toward O 2 reduction below pH 9. 
